Introduction
Damage to DNA can result from several events such as irradiation (TI-photodimers), oxidation (8-oxo-G damage) and the action of chemical reagents (alkylating agents). These different forms of damage can have severe consequences for the biological system if they are not repaired by, for example, the base excision repair (BER) or nucleotide excision repair (NER) pathways. Such damage can lead to mutations and sometimes these mutations can even lead to the induction of carcinogenesis.
Poly-and monocyclic aromatic amines belong to the class of chemical carcinogens. The covalent chemical modification of the double helix seems to playa significant role in the potential induction of chemical carcinogenesis by aromatic amines of type 1 (Scheme 1).111 Aromatic amines are not toxic per se, however. The so-called ultimate carcinogens 6 are formed through metabolic processes.
Oxidation reactions are involved in the conversion of the aromatic amines into more hydrophilic compounds. One option involves the oxidation of the aromatic residues to afford phenol derivatives. The hydroxy groups are then esterified to give glucuronic esters. These esters enter into the detoxification pathway. However, cytochrome P450-catalysed oxi dation of the amino groups leads to the corresponding N-hydroxyarylamines 2,12·31 which, after esterification by N-acetyltransferases (NATs) or transformation into sulfates by sulfotransferases (STs), form N-acetoxy-or N-sulfatoarylamines (e.g., 6) . Through this process highly electrophilic metabolites are generated, and these are believed to be the ultimate carcinogen.
N-Acetylated N-arylamines 3 might also play an important role. These can be formed from the aromatic amines 1 by enzymatic acetylation. Oxidation can then generate arylhydroxa-duced the susceptibility of the DNA strand to cleavage; this in dicates a significant local distortion of the DNA double helix The incorporation of theacetylated C8~2'-dA-pho. sphoramidite into 20-mer . oligonuCleotides failed,how~ver, ' Ii>e~'ause the N acetyl group was lost during the de protection %.
S5. Instead the corresponding . ,C8-NH-2'-dA-modified p ucleotide were obtained. The effect of the C8-NH"arylamine-dA lesion on the replication by DNA polymerases was clearly" depend en both on the polymerase used and on the . arylamine·d damage.
mic acids 5. Further esterification again leads to highly reactive N-acetoxy compounds 6 .
Solvolysis of compounds 6 generates the corresponding highly reactive N-arylnitrenium ions 4. The predominant reactions of the arylnitrenium ions 4 occur at the C8-positions of 2'-deoxyguanosine (dG) and 2'-deoxyadenosine (dA), leading to the corresponding N-H or N-Ac-C8 adducts 7 a and 7 b (Scheme 1). Moreover, N 2 -dG-and tI'-dA adducts have been identified as minor productS. ! hydrogen bond stabilisation in the double helix.l ll.121 It was shown that C8-NAc-arylamine-dG damage in the DNA often caused frameshift mutations. I131 In 2006 we published a first short report on the chemical synthesis of C8-NH-arylamine-2' -dA adducts [(NH-aa)-dAJ. their phosphoramidites and their sitespecific incorporation into 0ligonucleotides. 11 41 In 2007 we reported a simple and efficient route to 8-(N-acetylarylamine)-2'-dG adducts [(NAc-aa)-dGJ and their phosphoramidites. I1S1 Until now, however, nothing has been published on the synthesis of C8-(NAc) -arylamine adducts of 2'-dA. Here, though, we report on the efficient synthesis of dA adducts of this type, the preparation of phosphoramidites and their sitespecific incorporation into oligonucleotides of short mixed sequences. In addition to CD and Tm measurements, the effects of these adducts on the cleavage of a damaged DNA duplex by the endonuclease EcoRI was investigated. Moreover, template 20-mer DNA oligonucleotides containing these lesions were prepared and studied in relation to primer extension by three different DNA polymerases.
Results and Discussion
Scheme 1. Metabolism of aromatic amines, together with isolated and identified CB-arylamine-purine nucleoside adducts (NAT: N-acetyltransferase; CYP : cytochroIt was first attempted to introduce the N-acetylated aromatic amines directly through the Pd-based crosscoupling chemistry that had been used previously. 19.14.16 1 This failed, however, and only the C8-NH-dA adduct was formed, although in low chemical yields. Therefore, a linear synthesis was used and the reacme P450).
base-labile fluorenylmethoxycarbonyl (Fmoc) group was used as protecting group.17.81
Later, Gillet and Scharer introduced a new strategy for the introduction of the N-acetyl group, the subsequent synthesis of the N-acetylated dG-phosphoramidites and their site-specific incorporation into DNA oligonucleotides. They removed the protecting groups by overnight treatment with diisopropylamine (DIPA), because the loss of the N-acetyl group was observed on application of ammonia. 1 9 . 101 Acetylated and non-acetylated adducts can cause different extents of local distortion in the DNA helix, due to significant differences in the conformations of the glycosidic bonds in the C8-modified 2'-dG-nucleosides (Scheme 2).110.111 Whereas C8-NH-2'-dG adducts (7 a) preferred the anti conformations of their glycosidic bonds, placing the aromatic moieties in the major groove of the double helix and so should not in principle influence the hydrogen bridge stabilisation in the helix, the N-acetylated C8-2'-dG adducts (8) were found to prefer the syn conformations, which place the polycyclic aromatic systems within the double helix and displace the heterocyclic nucleobases from the helix into the major groove, resulting in loss of
Scheme 2. anti and syn conformations of the non-acetylated and the N-acetylated adducts.
tion sequence depicted in Scheme 3 was found to be appropriate for the synthesis of phosphoramidites 17. Bromination of 2'-dA (9) at C8 1171 and TBDMS protection gave product 11 . Next, Pd-catalysed Buchwald-Hartwig cross-coupling led to C8-NH-aa-dA adducts 12 a-e. The exocyclic amino group was then doubly protected to give compounds 13, which were used for acetylation. Best results were obtained when 4-DMAP (3 equiv) ,I:
13a-e 12a-e e)! 0 0
..
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17a -e Scheme 3. Acetylation route and synthesis of the corresponding phosphoramidites 17. a) Br" NaOAc buffer (pH 5.0), RT. 16 h, B3%; b) TBDMSC!. imidazole, pyridine, RT, 16 h, 92%; c) aryl-NH" 30 mol% rac-BINAP, 10 mol% Pd, (dbah, Cs,CO" 1,2-DME, 95°C, 24-48 h, 88 % a (Ar = phenyl), 98 % b (= 3,5-dimethylphenyl, 98% c (= 4-methoxyphenyl) , 90 % d (= 4-biphenyl) 
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and Ac 2 0 (3 equiv) in anhydrous pyridine were used. The reactions took 30-72 h, during which one of the benzoyl groups was also cleaved to give compounds 14a-e. Adducts 14a-e each showed a typical line broadening in the lH NMR spectra at 298 K, due to the amide bond resonance of the benzoyl group at the exocyclic amino group_ Beland reported the same for the acetylated 2'-dG adducts.[18J However, when the spectra were recorded at 328 K in [DJDMSO, the line broadening was significantly less. Because of the introduced N-acetyl group, the removal of the TBDMS groups had to be done under mild acid conditions. The use of tetra-n-butylammonium fluoride led to loss of the N-acetyl groups. However, with buffering of the TBAF cleavage solution with acetic acid, the TBDMS groups were cleaved without loss of the N-acetyl groups and gave compounds 15. The reactions with the N-acetylated 2'-dA derivatives were four times slower than reactions performed with 2'_dG.J9. 10J Deprotection was also possible with Et)N·3 HF, although the workup was found to be quite difficult.
The 5'-positions were then protected with DMTr groups and finally compounds 16 were converted into the corresponding phosphoramidites 17 (Scheme 3). In both cases, co lumn chromatography was performed on AI 2 0 ) (act. III).
In the synthesis summarised in Scheme 3, both C8-NH-2'-dA adducts and C8-NAc-2'-dA adducts were prepared, and so the syn or anti preferences of the glycosidic bonds in the 2'-dA adducts were studied by NOESY-NMR spectroscopy_ Figure 1 A shows an observed cross-peak between the H l ' proton of the sugar and the H2 proton of the nucleobase that can be correlated to an anti orientation of t he nucleobase. In contrast, cross-peaks between H2 and the 5' protons or the 5' hydroxy proton typical of a syn conformation were absent. Figure 1 B , however, shows an observed cross-peak between H2 and the 5'-OH group, which indicated a preferred syn conformation, whereas the H2 proton showed no cross-peak with H1 '.
Site-specific synthesis of oligonucleotides containing C8-(NAc-aa)-2'-dA adducts of different aromatic amines For the incorporation of the dA adducts into oligonucleotides, phosphoramidites 17 a-e were dissolved in acetonitrile (0.1 M solutions), and their coupling steps were repeated three times, with total coupling effi- cleotide [5'-d(ACATAA GCATCT ACGACG CG)-3') needed for DNA polymerase primer extension assays. An important matter after the synthesis of the oligonucleotides was to find appropriate deprotection conditions because these adducts, particularly the N-acetyl group, are known to be base-labile. Standard deprotection with ammonia (4 h, 55 D C) was tried first, but failed; only the non-acetylated C8-NH-2'-dA arylamine-modified oligonucleotide was isolated. Several variations of the ammonia treatment (3 -+24 h, RT -+ 55 DC) also failed . Finally, diisopropylamine (DIPA) in methanol was used both for the deprotection and for cleavage from the support. Two different concentrations (5 and 10% DIPA) were tried, at room temperature and at 55 DC. Figure 2 shows attempts at deprotection with the C8-(NAc-phenyl)-2'-dA oligonucleotide 18c. Clearly, at room temperature no oligonucleotide was detectable either with 5 or 10% DIPA (lanes 2 and 4; Figure 2 ). On overnight treatment (14 h) with DIPA (5 or 10%) in MeOH at 55 DC, however, successful deprotection/cleavage was observed (lanes 1 and 3), but the acetylated (18 c; 29.9 min) and non-acetylated (18 b; 31.6 min) oligonucleotides were obtained in comparable amounts. Although this was unexpected, due to the results reported previously/9) it was a posi- tive side effect because both the C8-(NH-aa)-dA-and the C8-(NAc-aa)-dA-modified oligonucleotides were obtained. Finally, 5% DIPA was used for deprotection/cleavage in all cases. In these reactions ~-mercaptoethanol was added to prevent oxidative rearrangement in the presence of strong bases and oxygen, as observed previously for oligonucleotides containing the C8-NH-aminofluorene-2'-dG adduct. ( 19, 201 The obtained oligonucleotides were purified by reversed-phase HPLC and characterised by MALDI-TOF or ESI mass spectrometry (negative mode). However, the isolation of the C8-(NAc-aa)-dA-containing Narl and EcoRI sequences was successful. In contrast, although further deprotection methods were unsuccessfully tested, none of the N-acetylated, modified 20-mer oligonucleotides could be isolated, but the C8-NH-arylamine-modified 20-mer oligonucleotides were obtained.
Melting temperature (Tml and circular dichroism studies All oligonucleotides were hybridised with the complementary strands and the thermal stabilities of the double strands of the C8-(NAc-aa}-dA adducts relative to those of the C8-NH-aa-dA adducts were measured by UV melting temperature analysis. The data for the Narl oligonucleotides 18 a-i are given in Table 1 .
For the C8-NH-phenyl-and C8-NH-4-methoxyphenyl-containing damaged 2'-dA oligonucleotides 18b and 18d, decreases of "" 8 °C (relative to the T m value of the unmodified Narl oligonucleotide 18a, T m = 58.2 D C) were observed. Interestingly, for the oligonucleotide bearing the C8-NH-biphenyl-2'-dA lesion 18 h, no further significant decrease in thermal stability was observed. In the case of the 3,5-dimethylphenyl lesion 18 f, however, a decrease of "" 15 D C was observed. Here, the influence of the two methyl groups in the 3,5-dimethylphenyl system on the thermal stability is more important than the second aromatic ring in the biphenyl residue. In the case of the N-acetylated lesions, further decreases in thermal stability Table 1 . Tm values of the duplexes formed with Narl oligonucleotides 18a-1.
42. 1 5'·d(GC GGC A(biphenyl)CC ATC) ' 3' (18h) 49.0 5'·d(GC GGC A(Ac· biphenyl)CC ATC)-3 ' (180 45.8
Conditions : Narl oligonucleotide (1 nmol), complementary o ligonucleo· t ide strand (1 nmol), phosphate buffer (pH 7.2, 10 mM), NaCi (140 mM), EDTA (1.0 mM).
of ::::: 2-4 °C relative to their non-acetylated counterparts was determined.
For the palindromic EcoRI oligonucleotides, the effect on the Tm va lues was expected to be more pronounced, because after duplex formation a lesion is present in each strand. Two different oligonucleotide modifications differing in the positions of the lesions were prepared. In one set of oligonucleotides t he lesions were at the cleavage position in the restriction region (fifth base from the S'-end) whereas the other set of oligonucleotide had the lesions only one base before the cleavage site (third base from the S'-end). The Tm values are summarised in Table 2. , Table 2 , Duple'x Tm values of the EcoRI oligonucleotldeS l 'gi-m.
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31.5 5'·d(GTA(4-methoxyphenyl) GAA TIC TAC)·3 ' (19j) 29.1 5'·d(GTA(Ac-4-methoxyphenyl) GAA TIC TAC) -3' (19k) 32.0 5'·d(GTA(biphenyl) GAA TIC TAC) -3' (191) 33.4 5'·d(GTA(Ac-biphenyl) GAA TIC TAC) -3' (19m) 33.6
Conditions: EcoRI oligonucleotide (2 nmol), phosphate buffer (pH 7.2, 10 mM), NaCI (140 mM), EDTA (1.0 mM).
Surprising ly, there was almost no thermal destabilisation (relative to the unmodified reference oligonucleotide 19a) when the lesion was introduced in the cleavage site, except in cases involving t he 4-methoxyphenyl residue (19 d, 19 e) . Moreover, there was no effect of acetylation at the nitrogen atom on the duplex stabi lity. Significant decreases in thermal stability were observed, however, when the lesions were introduced closer to the S'-ends of the oligonucleotides (19 h-m) . As above, almost no differences between the NH-and NAc-arylamine-dA lesions were found. Here the destabillsation is more pronounced because the hybridisation at the end of a duplex is less stable, and t his effect is attenuated if an additiona l structural distortion is present. The hybridisation data for the 20-mer oligonucleotides 20a-j are summarised in Tab le 3. Table 3 In addition, t he circular dichroism (CD) spectra of all synthesised oligonucl eotides as hybrids with the complementary strands were recorded to verify the overa ll 8-type DNA conformations of the lesion-contain ing DN A hybrids and the unmodified reference duplex. In the case of the Narl sequence 18a-i no conformational difference between t he reference oligonucleotide 18 a and t he oligonucleotides containing C8-NAc-aaand C8-NH-aa-dA was observed, because in each case a positive Cotton effect was observed at 273 nm together with a negative, less pronounced one at 240 nm typica lly found for 8-t ype DNA. However, the CD curves were less shaped, which indicates less structured helixes. In addition, no overall conformational differences were observed in the cases either of the EcoRI ol igonucleotides (Figure 3 ) of t he 20-mer duplexes. 
EcoRI restriction assay
To investigate the effects of arylamine-dA-modified oligonucleotides on endonuclease restriction, an EcoRI restriction assay was performed. (16 ) ). The half-life was ca lculated as described previously. (21) When the same restriction assay was performed with oligonucleotides 19 b-f under identical experimental conditions, no cleavage of any of these lesion-containing oligonucleotides was detec:ted. As an example, the experiment with 1ge followed over 24 h is illustrated in Figure 4 . Clearly, the presence of the C8-(NH-aa)-or C8-(NAc-aa)-dA damage in the cleavage site caused severe conformational distortion and steric blocking, thus making the enzyme unable to bind and/or to cleave the DNA double strand. However, with a shift of the modification site only one position away from the cleavage site, restriction was observed but at lower rates ( Figure 5 ). For the C8-NH-aa-dA damaged oligonucleotides half-lives of 3.3 h were calculated in the cases of aniline and 4-methoxyaniline, whereas the polycyclic 4-aminobiphenyl damage led to a half-life of 2.9 h. In the case of the N-acetylated modification 19 m the EcoRI restriction assay showed a surprising effect; it seemed that the slow enzymatic reaction even stopped after 6 h, with no change being observable after 9 h of incubation relative to the values obtained after 6 h. Addition of fresh enzyme after 9 h led to further cleavage, which again stopped after several hours. The same effect was observed in the case of the N-acetylated monocyclic lesions 19 i and 19 k. This behaviour was not seen with the corresponding oligonucleotides containing the C8-(NH-aa)-dA lesions. These results suggest inhibition of the enzyme by an unknown mechanism. Table 4 summarises the calculated half-lives, all calculated with the assumption of first-order reactions. As investigations of other DNA adducts have shown, covalent DNA modifications significantly hamper the selectivity and efficiency of DNA synthesis by replicative DNA polymerases, whereas other DNA polymerases are effective in performing lesion bypass beyond the site of damage. 122J Here, three DNA polymerases from different DNA polymerase families were studied with regard to their effectiveness in bypassing the C8-NH-arylamine-dA lesions ( Figure 6 ). The experiments were performed under standing-start conditions with a 32P-labelled primer/template complex ( Figure 6 ). Single incorporations were examined in order to gain insights into the impact of the lesion on selectivity, whereas additional experiments with all four dNTPs were used to study lesion bypass capability.
Human DNA polymerase ~, a member of the DNA polymerase X family involved in DNA repair, was investigated fi rst. (23) Incorporation opposite the DNA lesion was successful and the canonical dTTP was always preferably chosen. In the case of the 4-aminobiphenyl-dA lesion, however, misinsertion of the non-canonical dGMP was also observed to some extent. In the presence of all four dNTPs, complete elongation was observed in the reference experiment, as expected. Interestingly, in the These experiments established that the lesions have marked influences on high-fidelity polymerases due to th e structural changes at the damaged sites, At the very least, considerable reductions in the elongation efficiencies were always detected, A few differences from our previous study based on C8-NHarylamine adducts of 2'-deoxyguanosinel161 were identified, In the cases of 4-am inobiphenyl and anisidine, DNA polymerase P incorporated only the canonical dC and full elongation of the primer was observed . With Dpo4 DNA polymerase, however, despite the selective incorporation of dC, a pronounced slowing of the replication was observed after the dC incorporation. Finally, Pfu DNA polymerase led to dNTP:
significant misincorporation opposite the dG lesion_ In addition to dC, dA and dT were also found to be incorporated by the enzyme and again a pronounced slowing after the elongation was X:
AICS-anis) Alfluorenyl) AICS-phenyl) AI4 -biphenyl) AIC8-DMA) Figure 6 . C8-Arylamine-2'-dA lesions and DNA replication.
case of the lesion-containing oligonucleotides, products two nucleotides shorter were also observed beside the full-length products. In the case of the 2-aminofluorene-dA damage this was even the predominant replication product. The DNA synthesis proceeded with less efficiency than in the case of the unmodified reference. Next, the Sulfolobus solfataricus P2 DNA polymerase IV (Opo4), which often serves as a functional and structural model for Y-family DNA polymerases, was studied. 1 241 Again, the canonical dT was incorporated in all case' s of single-incorporation experiments and again the non-canonical dGTP was added opposite the 4-aminobiphenyl lesion. Unlike the first DNA polymerase, Opo4 was effective in bypassing all the lesions when all four nucleotides were employed, although again with reduced efficiency_ Finally, the high-fidelity Pyrococcus furiosus (Pfu) DNA polymerase (3' .... 5' exonuclease-deficient mutant),12S.261 a replicative DNA polymerase belonging to sequence family B, was investigated. The canonical nucleotide TMP was incorporated predominantly opposite to the modified dA, but in case of the C8-NH-4-aminobiphenyl lesion incorporation of the non-canonical dGMP was also observed to some extent. In contrast with the two other DNA polymerases the incorporation of nucleotides paused immediately after insertion opposite the lesions.
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observed . 1161 Interestingly, the dA and the dG lesions caused different misincorporations in different amounts. However, in the cases of misincorporation, the dA lesion led to the introduction of dG instead of dT whereas in the case of the dG lesion dA was incorporated instead of dC The consequence is that in both lesions a pair of purine nucleosides is produced at the site of DNA damage.
Conclusion
A procedure for the synthesis of 8-(N-a cetyl)-arylamine-dA phosphoramidites has been developed. The C8-arylamine moieties were efficiently introduced by using Pd cross-coupling chemistry. The corresponding phosphoramidites were site-specifically incorporated into two different 12-mer oligonucleotides. Interestingly, after the automated DNA synthesis, the Nacetyl-arylamine damaged oligonucleotide and its NH-arylamine counterpart were always isolated, due to the great sensitivity of the N-acetyl group under alkaline conditions. For the Narl and the self-complementary EcoRI sequences, both the thermal stabilities and CD spectra were determined. In all cases, marked decreases in the Tm values were detected for the lesion-containing DNA strands; this point to marked distortion of the double helix, resulting in weaker hybridisation between the two strands. The decreases were even stronger for the Nacetyl-arylamine damage than for the NH-arylamine lesions.
Whether or not this observation can be correlated with the detected differences in the synlanti preferences of the glycosidic bonds in the dA adducts still has to be confirmed. Nevertheless, only minimal differences in the CD spectra of the compounds modified with acetylated aromatic amines and those modified with non-acetylated aromatic amines were measured. The lesion-containing oligonucleotides were found to be resistant to digestion by EcoRI if the modification was present at the cleavage site of the EcoRI enzyme. This might indicate marked local distortion of the DNA hybrid at the modification site, either blocking the cleavage of the double strand or preventing binding of the restriction enzyme. This effect was independent of the C8-NAc-a rylamine-dA damage. Previously, NH adducts of dA or dG had also shown the same behaviour. However, irrespective of whether a monocyclic or a polycyclic DNA lesion was investigated, incorporation of the lesion just one nucleotide prior to the EcoRI cleavage site only slightly reduced the half-life of this enzymatic digestion. It thus appears that the arylamine adducts cause local but not long-ranging perturbation of helix recognition. Alternatively, just the steric bulk of the dA adduct in the restriction site might be the reason for misbinding or failure of enzyme cleavage. Finally, it was shown that the bypass ability of a lesion in a DNA strand depended strongly on the DNA polymerase used. In most cases, the fidelity of nucleotide incorporation opposite the lesion was not hampered. However, the abilities of the polymerases to bypass the lesions were quite different. Only the strong carcinogen 4-aminobiphenyl showed a different effect on the replication. With all three polymerases, marked incorporation of dGTP beside the canonical TIP was detected, leading to point mutations. The reason for this T ..... dG misincorporation is still unknown. Further work to gain insights into the structural changes in the DNA helix produced by the C8-arylamine adducts is currently underway in our laboratories.
Experimental Section
General methods: All air-or water-sensitive reactions were performed in flame-dried glassware under nitrogen. Commercial solvents and reagents were used without further purification with the following exceptions: l,2-dimethoxy ethane (l,2-DME) was distilled from potassium under nitrogen, whereas pyridine, dichloromethane and acetonitrile were distilled from calcium hydride under nitrogen. Water was purified with a Milli-Q water system. NMR spectra are reported relative to the corresponding solvent peaks. 'H NMR : 2.50 ppm ([DJDMSO), 7.26 ppm (CDCl 3 ), 3.31 ppm (CDPD) and 7.16 (C 6 D 6 ). '3C NMR: 39.52 ppm ([DJDMSO), 77.16 ppm (CDCI 3 ), 49.0 ppm (CDPD) and 128.06 (C 6 D 6 ) . Thin-layer chromatography was performed on aluminium sheets coated with silica gel (Merck, 60 F 25 . ) . Mass spectra were recorded with VG Analytical VG/70-250 F (FAB, HR-FAB), Finnigan ThermoQuest MAT 95 XL (ESI. HR-ESI), Agilent Technologies 6224 TOF LC/MS 1200 series (HPLC-ESI-MS) and Bruker BiFlex III (MALDI-TOF) instruments.
8-Bromo-3' ,5' -0-bis(tert-butyldimethylsilyl)-2' -deoxyadenosine (11): 8-Bromo-2'-deoxyad enosine (10) (3.0 g, 9.1 mmol) was subjected three times to coeva poration of the volatiles with anhydrous pyridine (5 mL) and then suspended in anhydrous pyridine (30 mL) under nitrogen. TBDMSCI (4.1 g, 27.3 mmol) and imidazole (1.9 g, 27.3 mmol) were then added and the reaction mixture was stirred for 16 h at room temperature. The reaction was stopped byaddition of CH 2 C1 2 • The mixture was washed once with water and once with brine. The solvent was removed in vacuo. The reSidue was coevaporated with toluene (3 x). The residue was recrystallised from CH 3 CN to give 11 as a colourless solid (3.4 g, 7.8 0 = 154.3, 152.7, 151.2, 128.5, 116.1, 87.9, 86.5, 72.5, 62.8, 36.9, 26.0, 25.8, 18.2, 18.1, -4.7 ppm; IR (KBr): v = 3830, 3182, 2954 , 2884 , 2856 , 1661 ,1570 ,1492 ,1320 ,1257 ,1110 : mlz calcd: 557.18 [M) +; found. 557.12.
General Procedure I (GP-I) for the amination of 8-bromo-3',S'-0-bis(tert-butyldimethylsilyl)-2' -deoxyadenosine deri vatives to afford compounds 12 a-d : Racemic 2,2'-bis(diphenylphosphino)-l.1'-binaphthyl (rac-BINAP, 30 mol %) and tris(dibenzylidenacetone)-dipalladium(O) (Pd 2 (dbah; 10 mol %) were suspended in anhydrous l ,2-dimethoxyethane (50 mL) and the mixture was stirred for one hour at room temperature. Compound 11, the amine (2.5 equiv) and CS 2 C0 3 (1.5 equiv) were then added and the mixture was stirred under reflux until the reaction was complete (24-48 h). The reaction mixture was allowed to cool to room temperature, and saturated sodium hydrogen carbonate solution (1 mL) was added. After the addition of brine (10 mL), the layers were separated and the aqueous layer was extracted with ethyl acetate (3 x 10 mL). The combined organic layers were washed with brine (2 x 10 mL) and with a mixture of brine (10 mL) and water (2 mL). The organic layer was dried over sodium sulfate and the solvent was removed in vacuo. Purification of the residue by flash chromatography on silica gel, with elution with ethyl acetate in petroleum ether (10 ..... 35 %) , gave the compounds 12.
8-N-Phenyl-3' ,5' -0-bis(tert-butyldimethylsilyl)-2' -deoxyadenosine (12a): GP-I was used with 11 (3.00 g, 5.38 mmol) and PhNH 2 , which afforded the desired product as a pale yellow foam (2.36 g, 4.13 mmol, 77%). M.p. 70°C; [a);~9nm = 11.4 (c = 0.25 = 13.0, 5.4, 2.5 Hz, 1 H), 0.93 (5, 9 H), 0.79 (5, 9 H), 0.13 (5, 3 H), 0.12 (s, 3 H), 3 H), 3 H) ; 13C NMR (101 MH z, CDCI 3 ) : 0 = 151.3, 149.9, 149.2,139.0, 129.2, 123.4,120.1, 119.8,116.2,88.7,85.5,72.1,63.0,40.2,26.1,25.9, 17.8, 17.7, -4.4, -4.6, -5.1, -5.2 ppm; IR (ATR): v = 3331, 3184, 2952 , 2928 ,2885 , 2856 , 1742 , 1636 , 1599 , 1557 , 1498 , 1471 , 1450 , 1346 , 1282 , 1251 , 1108 ,1058 ,1028 ,1006 HRMS (ESI ' ): mlz calcd: 570.3170 [Mj'"; found : 571.3254 [M+H) +, 593.3066 [M+Na) +, 609.2817 [M+K) +. 8-N-3,S-Dimethylphenyl-3' ,5' -O-bis(tert-butyldimethylsilyl)-2' -deoxyadenosine (12 b) : GP-I was conducted with 11 (3.00 g, 5.38 mmol) and 3,5-dimethylaniline, which afforded the desired product as a pale yellow foam (2.35 g, 3.93 mmol, 73% = 13.0, 8.4, 5.9 Hz, 1 H 0 = 150.1, 149.9, 149.0, 140.0, 139.1, 129.0, 119.2, 119.0, 118.7,88.4,85.1,72.2,62.4,39.8,26.0,25.9,21.6, 17:8, 17.7, -4.6, -5.7 ppm; IR (ATR): v=3451, 3332, 3186, 2953 , 2927 , 2856 , 1647 , 1615 , 1595 , 1567 , 1545 , 1462 , 1333 , 1290 , 1253 , 1184 , 1109 , 1072 , 1026 , 1006 HRMS (FAB) : m/z calcd: 598.3483 [M] (4.00 g, 7. 16 mmol) and 4-methoxyaniline, which afforded the desired product as a pale yellow foam (3.86 g, 6.42 mmol, 90% 0=156.9, 150.8, 150.0, 149.6, 131.4, 123.8, 123.8, 116.8, 114.5,88.3, 84.9,72.2,63.1,55.7,39.8,26.1,25.9, 18.8, 18.2, -4.4, -4.6, -5.2, -5.2 ppm ; IR (ATR): v = 3332, 3179, 2952 , 2928 , 2856 , 1637 , 1604 , 1561 , 1509 , 1463 , 1440 , 1419 , 1390 , 1340 , 1285 , 1245 , 1180 , 1107 , 1059 , 1033 , 1006 0 = 150.0, 149.7, 149.0, 140.7, 138.0, 136.7, 129.0, 127.8, 127.0, 127.2, 126.9, 120.7, 117.3,88.4,85.3,72.1,63.0,40.0,26.1,25.9, 18.7, 18.2, -4.4, -4.6, -. 5.1, -5.2 ppm; IR (ATR): v = 3345, 2952 , 2927 , 2884 , 2856 , 1636 , 1598 ,1575 ,1551 ,1487 ,1470 ,1449 ,1411 ,1339 , 1288 ,1252 , 1108 , 1058 ,1025 ,1006 General Procedure" (GP-II) for the rf-dibenzoylation of the 8-Narylamine-2'-dA adducts to afford compounds 13a-d: The appropriate compound 12 was dissolved in anhydrous pyridine (30 mL) under nitrogen and benzoyl chloride (5 equiv) was added. The reaction mixture was stirred until the reaction was complete (12-16 h) . It was then diluted with CH 2 CI 2 (50 mL) and washed with satiJrated sodium hydrogencarbonate solution, and the aqueous layer was extracted twice with CH 2 CI 2 • The organic layer was dried over sodium su lfate and the solvent was removed in vacuo and coevaporation with toluene was performed three times. Purification of the residue by flash chromatography on silica gel, with elution with MeOH in CH 2 CI 2 (0 -> 1 %), gave the product 13.
rf-Dibenzoyl-8-N-(phenyl)-3',5'-O-bis(tert-butyldimethyIsilyl)-2'-deoxyadenosine (13a): GP-II was conducted with 12a (2.34 g, 4.09 mmol), which afforded the product as a yellow foam (2.82 g, 3. 62 mmol, 85%). M.p. 96°C; [a] ~~9nm = 29 . 2 (c = 0.5, CHCl 3 ) ; 'H NMR General Procedure III for the 8-N-acetyation of the ~-{Bz),-aryla mine-2'-dA adducts to afford compounds 14a-d: The appropriate compound 13 and 4-DMAP (3 equiv) were dissolved in anhydrous pyridine (30 ml) under nitrogen and Acp (3 equiv) was added. The reaction mixture was stirred until the reaction was comp lete (30-72 h). It was then diluted with dichloromethane (50 ml) and washed with saturated sodium hydrogencarbonate solution, and the aqueous layer was extracted twice with dichloromethane. The organic layer was dried over sodium sulfate and the solvent was removed in vacuo. Coevaporation three times with toluene followed. Purification of the residue by flash chromatography on si lica gel, with elution with methanol in dichloromethane (O -> 0.5 %), gave the desired product. 6 = 172.2,168.7,152.0,150.5,149.0,139.5,134.5, 132.7, 131.5, 129.7, 129.4, 128.8, 128.7, 128.4, 127.7, 119.0, 118.7, 88.4, 85.3, 72.7, 63.2, 36.7, 26.0, 25.9, 24.3, 17.8, 17.7, -4.6, -5.2 ppm; IR (ATR): v = 2952 , 2928 ,2885 ,2856 , 1682 , 1609 , 1582 , 1524 , 1493 , 1471 , 1462 , 1406 , 1354 , 1279 , 1250 , 1176 ,1009 , 1066 , 1029 , 1004 269.6 (c = O.5, CHCl 3 ) ; 'H NMR (400 MHz, [DJDMSO): 6 = 10.68 (s, 1 H), 8.61 (s, 1 H), 7.64-7.59 (m, 1 H), 7.49-7.44 (m, 2 H), 7.36-7.32 Oligonucleotide synthesis: Oligonucleotides were synthesised on a 1 iJffiol scale with use of Pac-protected dA, iPrPac-protected dG, ac-protected dC and T phosphoramidites on a 394 ONA synthesiser (Applied Biosystems) and of phosphoramidites and solid supports purchased from ChemGenes. The manufacturer's standard synthesis protocol was used, except that on incorporation of the modified phosphoramidites the coupling was repeated three times, each for 500 s. The oligonucleotides were purified by HPlC with triethylammonium acetate buffer (pH 6.9, solvent 1) and acetonitrile (solvent 2) on a C-18 reversed-phase column with UV detection. The solvent gradient was as follows: initiall y 99% solvent 1, then a 50 min linear gradient to 23% solvent 2; 10 min with 100% solvent 2; 10 min with 100% solvent 1.
HRMS data for the oligonucleotides are given in Table 5 .
Thermal melting studies: Equal amounts of the two complementary strands (2 nmol) were dissolved in buffer [1 ml, phosphate buffer (10 mM), NaCi (140 mM), EDTA (1 mM), pH 6.6] . The UVabsorption at 260 nm was monitored as a function of temperature. The temperature was increased at a rate of 0.5 °C min-l over the range 5-80°C. 
